The X-linked color pigment (opsin) locus is known to be highly polymorphic in the squirrel monkey and other New World monkeys. To see whether this is also the case for the autosomal (blue) opsin locus, we obtained 32 squirrel monkey and 30 human blue opsin gene sequences. No amino acid polymorphism was found in either the squirrel monkey sample or the human sample, contrary to the situation at the X-linked opsin locus. This sharp contrast in the level of polymorphism might be due to differences in gene expression between the autosomal and the X-linked loci. At the X-linked locus, heterozygote advantage can occur because, owing to X-inactivation, the two alleles in a heterozygote are expressed in different cone cells, producing two types of cone cell, whereas at the autosomal locus, heterozygote advantage cannot occur because the two alleles in a heterozygote are expressed in the same cone cells, producing only one type of cone cell (i.e., phenotypically a homozygote). From the sequence data, the levels of nucleotide diversity (, i.e., the number of nucleotide differences per site) are estimated: for the human sample, ϭ 0.00% per nondegenerate site, 0.00% per twofold degenerate site, and 0.04% per fourfold degenerate site in the coding regions and 0.01% per site in intron 4; for the squirrel monkey sample, ϭ 0.00% per nondegenerate site, 0.00% per twofold degenerate site, and 0.15% per fourfold degenerate site in the coding regions and 0.17% per site in intron 4. The blue opsin genes from the common and pygmy chimpanzees, the gorilla, the capuchin, and the howler monkey were also sequenced. Features critical to the function of the opsin are well conserved in all known mammalian sequences. However, the interhelical loops are, on average, actually more conservative than the transmembrane helical regions. In addition, these sequence data and those from some other genes indicate that the common and pygmy chimpanzees are not closely related, their divergence date being from one third to one half the date of the human-chimpanzee divergence.
Introduction
Color vision is a trait that is known to be subject to strong natural selection. In particular, trichromatic vision, that is, the ability to see three colors (blue, green, and red), in higher primates is believed to have evolved from dichromacy as a selective advantage for detecting yellow and red fruits. Trichromacy in humans, apes, and Old World monkeys (OWMs) is achieved by the possession of an autosomal gene that encodes a blue-sensitive pigment and at least two X-linked genes that encode the red-and green-sensitive pigments (Nathans, Thomas, and Hogness 1986; Ibbotson et al. 1992) . This is also the situation in one genus of New World monkeys (NWMs), the howler monkey (Alouatta) (Jacobs et al. 1996; Boissinot et al. 1997) . In contrast, all other NWMs possess only one X-linked and one autosomal color pigment (opsin) gene. However, this single Xlinked locus has three or more polymorphic alleles, which code for different photopigments whose spectral sensitivities lie within the sensitivity range delimited by the human red and green pigments (Jacobs 1984; Mollon, Bowmaker, and Jacobs 1984; Jacobs and Neitz 1987; Travis, Bowmaker, and Mollon 1988; Shyue et al. 1995) . Thus, although all males and homozygous females of these NWMs are dichromatic, heterozygous females are, like normal humans, trichromatic, which is commonly believed to be the selective advantage that maintains the alleles. In OW primates, this selective ad-vantage is conferred by the presence of the X-linked red and green pigment loci, and studies of humans have revealed a high level of polymorphism at both of these loci (Merbs and Nathans 1992; Winderickx et al. 1992 Winderickx et al. , 1993 , apparently because of frequent gene conversion between the two loci (Winderickx et al. 1993; Shyue 1994; Zhou and Li 1996) .
In view of the unusually high level of polymorphism at the X-linked opsin locus in the squirrel monkeys and other NWMs, we were interested in seeing whether the autosomal opsin locus is also polymorphic in the squirrel monkeys and humans. With this aim, we obtained 32 squirrel monkey and 30 human blue opsin gene sequences. In addition, to gain a better understanding of how this gene has evolved in primates, we also sequenced this gene in several higher primate species. We also used these data to study the phylogeny of higher primates.
Materials and Methods

Amplification of Human and Squirrel Monkey Blue Opsin Gene Fragments
Genomic DNA samples from 15 humans and 16 squirrel monkeys were available at our laboratories. Utilizing our previously determined sequences of the human and squirrel monkey blue opsin genes (GenBank accession numbers U53874 and U53875, respectively; Shimmin, Mai, and Li 1997) , oligonucleotide primers were designed (table 1) such that all five exons and the entire fourth intron could be isolated by the polymerase chain reaction (PCR) in at most five (exons 1, 2 ϩ 3, 4, and 5 and intron 4) fragments for the human and squirrel monkey genes. For each of the 31 genomic DNA samples, these regions were amplified in 50-l PCR reactions containing 2 ng/l genomic DNA; 50 mM KCl; 10 mM Tris, pH 8.8; 0.1% Triton X-100; 200 M dNTP; an appropriate concentration of MgCl 2 (1.5 mM for exons 2 ϩ 3 and 5, 2 mM for intron 4 ϩ exon 5, 2.5 mM for exon 1 and intron 4, and 3.5 mM for exon 4); 1 M each primer and 0.04 U Taq DNA polymerase under a thermocycle regime on a Perkin-Elmer 480 of denaturation at 94ЊC for 1 min, annealing at 61ЊC for 1 min, extension at 72ЊC for 2 min plus 4 s autoextension for 30 cycles, and a final extension at 72ЊC for 5 min. The products were band-purified by electrophoresis on 1% agarose gels, and second PCR amplifications were done using the purified products under the previous thermal regime. These products were then purified using Magic PCR Prep (Promega) and quantified by agarose gel electrophoresis in preparation for sequencing.
Sequencing
The sequencing of all the DNA fragments was performed by direct PCR cycle sequencing using an Applied Biosystems 373A DNA sequencer and the ABI Taq FC (for squirrel monkey exons 2, 3, 4, and 5, and intron 4) or FS (squirrel monkey exon 1 and all human sequences) DyeDeoxy Terminator sequencing kits. Sequencing reactions contained 125 fmol purified template and 2.5 pmol sequencing primer in a 10-l volume and were linearly amplified under a thermal regime of denaturation at 96ЊC for 10 s, annealing at 50ЊC for 5 s, and extension at 60ЊC for 4 min for 25 cycles in a Perkin-Elmer 9600 thermocycler. Removal of excess fluorescent terminators was accomplished by spin column gel exclusion chromatography using DNA grade Sephadex G25 (Pharmacia). Samples were electrophoresed on 24 cm well-to-read 6% polyacrylamide gels (Promega Acrylamix) on an ABI 373A DNA sequencer.
Data Reduction
The chromatographic trace data were checked for quality (pooled signal intensity for the four base reactions was between 500 and 2,000 and between 300 and 1,500 for the Taq FC-and FS-based reactions, respectively), and the positions of the ends of the desired sequence range (e.g., the beginning and end of exon 1) were located. The chromatographic sequence trace data were then imported into the Seqman program (DNAS-TAR), trimmed to the desired sequence range, and assembled. The previously determined human and squirrel monkey sequences were used as standard templates after editing to include the exons and intron 4 only. One document contained all sequences from one species (e.g., all 240 human exon and intron sequences from both strands and the standard). Comparison of the standard sequences (for humans, #7; for squirrel monkeys, #1712) with the chromatographic traces of these sequences permitted detection of base miscalls in the fluorescence traces due to secondary structure, dropouts, and other artifacts. Although the base-calling error rate with respect to the standard sequence averaged 2%, the errors were consistent, i.e., the base-calling errors appearing in the standard fluorescent trace (vs. the actual known sequence) were replicated in all the other traces and thus were easily detected. Because the ABI basecaller is extremely poor at identifying heterozygous point mutations, correctly questioning only approximately 20% of the real heterozygotes, the traces were manually screened base by base throughout the sequences. To identify polymorphic sites, the chromatographic traces from all samples were compared, simultaneously, to the standard trace to identify differences due to insertions, deletions, and homozygous and heterozygous point mutations. Indels were easily identifiable; heterozygous substitutions were sometimes difficult, requiring careful matching of all traces in both orientations to demonstrate that the variation in peak height or presence of a second base was not merely a graded difference present as an artifact in all traces to a greater or lesser extent.
Characterization of Other Primate Blue Opsin Gene Fragments
For the purpose of obtaining close outgroups to the human and squirrel monkey blue opsin gene sequences, the homologous regions from the apes Pan troglodytes (the common chimpanzee), Pan paniscus (the pygmy chimpanzee), and Gorilla gorilla and the NWMs Cebus nigrivittatus (capuchin) and Alouatta palliata (howler monkey) were characterized. The ape DNA samples were gifts of Dr. R. E. Ferrell, University of Pittsburgh, and the Cebus and Alouatta DNA samples were gifts of Dr. I. Sampaio, Federal University of Para, Brazil. The homologous blue opsin gene exonic regions and intron 4 were amplified from genomic DNA by PCR and sequenced as for the human and squirrel monkey genes. During sequence assembly using Seqman, the human (or squirrel monkey) standard sequences and standard chromatographic traces were used to ensure fidelity of the final ape (or NWM) sequence.
Data Analysis
In noncoding regions, the numbers of nucleotide substitutions between sequences were estimated by Kimura's (1980) two-parameter method. For coding regions, the method of Li (1993) was used to estimate the number of substitutions per synonymous site (K S ) and that per nonsynonymous site (K A ).
The nucleotide diversity () in a population is defined as the number of nucleotide differences per site between two randomly chosen sequences (Nei and Li 1979; Nei 1987) . Suppose that n sequences are sampled from a population and that m haplotypes (alleles) are observed. Let x i be the frequency of haplotype i in the sample and ij be the number of nucleotide differences per site between haplotypes i and j. Then, the nucleotide diversity of the population is estimated as
i j ij n Ϫ 1 iϭ1 jϭ1
Results
Sequence Data
The entire five-exon coding region and the fourth (last) intron of the blue opsin genes were sequenced from 15 humans, the chimpanzees P. paniscus and P. troglodytes, the gorilla G. gorilla, 16 squirrel monkeys (Saimiri boliviensis), and the NW capuchin (C. nigrivittatus) and howler (A. palliata) monkeys. The coding sequences are 1,044 and 1,047 bp long for the OW and NW primates, respectively. The fourth intron was chosen for this study because the first two introns are short (averaging only 285 and 325 bp, respectively), and half of the 600-bp-long third intron is composed of an Alu repeat element. The fourth intron averages 980 bp for these species of which approximately 90 bp close to the 5Ј end composes a partial mer13 element. A total of 75,276 bp of coding and 73,394 bp of intronic sequences were determined.
The data for the human and squirrel monkey sequences are summarized in table 2. Among the 15 humans (30 chromosomes) studied, there is only one polymorphic site (position 660) in the coding region. As this site is fourfold degenerate, the polymorphism is synonymous. At this position, one individual (sample 11) is homozygous for C, while the others are homozygous for A. In intron 4, there is also only one polymorphic site (position 2683). At this site one individual (sample 1) is homozygous for C, another is heterozygous for C and T, and all the others are homozygous for T. From the two polymorphic sites, one can easily define the three haplotypes shown in table 2.
Among the 16 squirrel monkeys (32 chromosomes), there is also only one polymorphic site (position 1334) in the coding region. As in the human sample, this site is also fourfold degenerate, and the polymorphism is synonymous. The two variant nucleotides (A and G) at this position appear in about equal frequencies (17/32 vs. 15/32). In intron 4, there are eight polymorphic sites, one of which is an insertion of two nucleo- tides (between positions 2930 and 2931). Of the 11 haplotypes defined in table 2, which can explain all the variants observed, 6 are known (haplotypes 1 through 6) and 5 are inferred (haplotypes 7-11).
Nucleotide Diversity In the coding regions, there is only one polymorphic site, so we can, in effect, consider only two haplotypes (table 2) ; with respect to the coding regions, haplotype 3 is the same as haplotype 1. In both the human and squirrel monkey samples, we have 12 ϭ 0.00% per nondegenerate site, 0.00% per twofold degenerate site, and 0.58% per fourfold degenerate site. For the human sample, haplotype 2 appeared only twice in the sample, so x 2 ϭ 2/30 and x 1 ϭ 28/30. Using equation (1), we estimate the mean nucleotide diversity as ϭ 0.04%. In the same manner, we obtain ϭ 0.15% for the squirrel monkey sample. This value is much higher than that for the human sample, because the two haplotypes in the squirrel monkey sample appeared in almost equal frequencies (17/32 vs. 15/32).
In intron 4, the numbers of nucleotide differences per 100 sites between haplotypes are as shown in table 3. For the human sample, the frequencies of the three haplotypes are x 1 ϭ 25/30, x 2 ϭ 2/30, and x 3 ϭ 3/30, and we obtain ϭ 0.01%. For the squirrel monkey sample, the situation is more complex, but using the haplotype frequencies in table 2 and the ij values in table 3, we obtain ϭ 0.17%. Figure 1 shows an alignment of the opsin sequences obtained in this study and the mammalian blue and chicken violet opsin sequences in GenBank. The human and the two chimpanzee sequences are identical, and differ from the gorilla sequence by only one amino acid (Ser vs. Pro at position 18). These sequences share a deletion of the glutamic acid residue at position 9. The insertion of a proline at position 28 is unique to the marmoset (Cja). Features believed to be functionally critical, i.e., the disulphide linkage formed by Cys109 and Cys186 (Karnik and Khorana 1990) , the Schiff's base counterion Glu113 (E113; Nathans 1990; Sakmar, Franke, and Khorana 1989; Zhukovsky and Oprian 1989) , and the site of retinylidene Schiff's base formation Lys295 (K295; Wang et al. 1980) , are all conserved. Moreover, all sequences contain multiple serines and threonines near the C-terminus that are sites for rhodopsin kinase phosphorylation (Hargrave 1982) . Interestingly, the marmoset (Cja) sequence has an alanine instead of a serine at position 216; a substitution of proline for serine at this site in humans causes tritanopia. On the other hand, Gly81 and Pro266, two sites at which mutations can cause tritanopia, are conserved in all species studied, except that in chicken, position 81 is serine instead of glycine. Surprisingly, the interhelical cytoplasmic loops and luminal loops are, on average, better conserved than the seven transmembrane helical regions ( fig. 1) . The conservation of sequences in the cytoplasmic loops may be related to their function in the binding of transducin and the initiation of the phototransduction cascade .
Comparison of Opsin Sequences
Discussion
Higher Nucleotide Diversity in Squirrel Monkeys than in Humans
Although the human sample was taken from three continents (Africa, Asia, and America), we found only FIG. 1.-Alignment of deduced protein sequence of blue opsin genes. The deduced amino acid sequences of the blue pigment genes from Homo sapiens (Hsa); the chimpanzees Pan paniscus (Ppa) and Pan troglodytes (Ptr); the gorilla Gorilla gorilla (Ggo); Old World talapoin monkey Miopithecus talapoin (Mta); four New World Monkeys, marmoset Callithrix jaccus (Cja), squirrel monkey Saimiri boliviensis (Sbo), capuchin Cebus nigrivittatus (Cni), and howler monkey Alouatta palliata (Apa); cow Bos taurus (Bta); mouse Mus musculus (Mmu); and chicken (violet opsin gene) Gallus gallus (Gga) are aligned. GenBank accession numbers are: Hsa U53874, Ppa AF039429-AF039432, Ptr AF039433-AF039435, Ggo AF039425-AF039428, Mta L76226, Cja L76201, Sbo U53875, Cni AF039422-AF039424, Apa AF039418-AF039421, Bta U92557, Mmu U49720, and Gga M92039. Residues identical to the human sequence are indicated with a dot; deletions are indicated with a dash. The talapoin and marmoset sequences are incomplete at the amino and carboxy termini. The cytosolic domains are indicated above the sequence, and the transmembrane helices are indicated by a helix. one polymorphic site (synonymous) in the coding regions and another in intron 4. Therefore, the nucleotide diversity at this locus in humans is very low; it is 0.00% per nondegenerate site, 0.00% per twofold degenerate site, and 0.04% per fourfold degenerate site in the coding regions and 0.01% per site in intron 4. These values are lower than the average values for the 49 loci studied by Li and Sadler (1991) : ϭ 0.03% per nondegenerate site, 0.06% per twofold degenerate site, and 0.11% per fourfold degenerate site.
In the squirrel monkey sample, there is also no polymorphism ( ϭ 0.00%) at nondegenerate and twofold degenerate sites. However, the nucleotide diversity is 0.15% per fourfold degenerate site in the coding regions and 0.17% per site in intron 4. These values are about one order of magnitude higher than the corresponding values in humans, although they are only slightly higher than the average values for the 49 loci studied in humans (see above). The higher nucleotide diversity in the squirrel monkey could be due to a larger effective population size.
Absence of Blue Opsin Polymorphism
The low level of nucleotide diversity at the autosomal opsin locus in the squirrel monkeys is in sharp contrast to the high level of polymorphism at the X-linked opsin locus. In fact, three alleles were found by screening only 7 of the 16 male squirrel monkeys used in this study (Shyue et al. 1995) , and the numbers of nucleotide differences between these alleles are from 0.9% to 2.0% per nonde- generate site and from 4.5% to 6.0% per fourfold degenerate site (table 4) . These values are at least 10-fold higher than those at the autosomal locus.
In view of the extremely high level of polymorphism at the X-linked opsin locus in squirrel monkeys, the absence of nonsynonymous polymorphism at the autosomal locus in both humans and squirrel monkeys is puzzling. One possible explanation is that a polymorphism at the autosomal opsin locus cannot confer a selective advantage (overdominant selection) and thus cannot be maintained in the population for a long time. To understand this, let us consider the difference in gene expression between the autosomal and the X-linked opsin loci. For the X-linked locus, a heterozygote, because of X-inactivation, expresses only one allele in a cone cell, so the two alleles are expressed in different cone cells in the eye. Therefore, if the two alleles have different spectral sensitivities, so will the two types of cell, which is equivalent to having two X-linked opsin loci instead of one and, together with the autosomal (blue) opsin, will enable the heterozygote to see three colors (trichromacy). In contrast, for an autosomal locus, the two alleles in a heterozygote are expressed in the same cone cell, so only one type of cell is produced. These blue opsin cone cells have the same spectral sensitivity and, in response to a light, can produce only one type of signal, which is likely to be a ''compromised'' or ''synthesized'' sensitivity of the two alleles. For this reason, a heterozygote is in effect like a homozygote and so has no advantage over a homozygote. Note also that while a polymorphism (the presence of two types of opsin cone cell) at the middlelong-wave range (green to red colors) in the same individual can facilitate the detection of yellow or red fruits, a polymorphism at the short-wave range (blue color) may not be of significant help in the detection of food or predators. This latter possibility has not been investigated, but if it is the case, then a polymorphism is transient and may not persist long in the population.
Phylogeny of Higher Primates
Since several sequences of the autosomal opsin gene from the higher primates are now available, we used them to reconstruct a tree ( fig. 2 ). This tree contains one error in that the Alouatta lineage is closer to the Saimiri lineage instead of being an outgroup to the Saimiri-Cebus clade (Schneider et al. 1996) . The rest of the tree is consistent with the current view of the phylogeny of higher primates (Schneider et al. 1996) . However, the distance between the two chimpanzees, P. troglodytes (the common chimpanzee) and P. paniscus (the pygmy chimpanzee), is almost as large as that between the chimpanzees and human or gorilla. A relatively large divergence in mitochondrial DNA between the two chimpanzees was noted earlier by Saitou (1991) . To see whether the two chimpanzees are in fact relatively divergent, we also analyzed sequence data from other genes (table 5). In terms of synonymous divergence (the K S value), the (average) distance between the two chimpanzees is at least as large as those for the other species pairs. In terms of nonsynonymous divergence (the K A value), the distance between the two chim-panzees is only about one fourth the distance between human and either of the two chimpanzees but is about one half or one third the distance from either of the two chimpanzees to gorilla. For the noncoding regions, the distance between the two chimpanzees is slightly larger than one third the distances between the chimpanzee lineages and the human lineage. Thus, the two chimpanzees are not closely related, their divergence date being from one third to one half that of the human and chimpanzee lineages.
Incidentally, it is interesting to note that for the comparison between human and chimpanzees, the K A values for the protamines and Sry are considerably larger than their corresponding K S values. These high ratios suggest that these proteins have been subject to positive Darwinian selection during the evolution of these higher primates.
